P lacement of an external ventricular drain (EVD) is one of the most common urgent neurosurgical procedures there is. Indications include treatment of elevated intracranial pressure secondary to subarachnoid hemorrhage, intraventricular hemorrhage, meningitis, traumatic cerebral edema as well as failure of an existing CSF diversion. A ventriculostomy is routinely performed at bedside, utilizing external anatomical landmarks of the skull to guide catheter trajectory. Suboptimal final placement of EVDs occurs in 2%-22% of cases at high-volume centers, 13, 16, 35, 43 and such misplaced catheters require replacement due to low output in 3.8%-11% of total cases.
pared to the ultimate catheter location. 20, 21, 23, 43 Particularly in patients with irregular anatomy, multiple catheter passes can produce significant brain trauma, intracranial hemorrhage, delays in treatment, and suboptimal CSF diversion. The complication rate from ventriculostomy placement can be as high as 26%, 27 and significant risk factors for unsatisfactory placement include small ventricular size and midline shift. 14 The standard technique for frontal ventricular catheter insertion has been described at length and involves insertion of the catheter at Kocher's point. 36, 46 Positioning the distal catheter tip segment within the lateral ventricle near the foramen of Monro relies on an accurate trajectory inferred from external landmarks and an orthogonal angle to the skull. The choice of a perpendicular trajectory can be hindered by incomplete visualization of the tangential plane, surgical drapes obscuring external landmarks, and movement of the patient under conscious sedation. Differing cranial morphology across patient populations is a widely recognized phenomenon that may further complicate the relationship between the external calvarial surface and the foramen of Monro. 6, 8, 10, 18, 26 Popular assistive technologies intended to improve catheter trajectory have included the use of tripods (i.e., Ghajar Guide), fiberoptic endoscopy, and synchronized image guidance. The Ghajar Guide, while highly portable, allows only a fixed-angle path toward a position in the ventricle that is inferred from the skull surface. 28, 29, 31 Endoscope technology provides confirmation of ventricular entry but does not assist with the choice of initial trajectory. 22, 33, 41, 42 CT or MR image guidance is useful for the dynamic choice of trajectory, yet involves a relatively long setup time, and portability of equipment outside of the operating room can be a challenge. 11, 15, 18, 45 Furthermore, such image guidance relies on a static prior image rather than a current picture of ventricular boundaries. Finally, ultrasound image guidance requires a craniotomy for its use, a large hole relative to that needed for catheter insertion, with attendant additional time, and training in the use of diagnostic ultrasound machine, as well as the machine's presence during the procedure. Given the existing options, an ideal technology for catheter guidance would 1) be portable, for use in a range of settings, 2) allow dynamic choice of trajectory, 3) facilitate rapid setup, and 4) provide guidance based on real-time features of the immediately existing ventricular architecture.
Here we address the need for a practical and fast solution to ventricular catheter guidance consistent with existing neurosurgical workflow. We have designed and constructed an ultrasound catheter stylet capable of displaying ventricular proximity and cross-sectional ventricular width in real-time during catheter insertion. A thin ultrasound beam is emitted from the tip of the stylet and illuminates the proximal and distal ventricular interfaces, producing characteristic reflection peaks that can inform choice of catheter angle. We assess the performance of this experimental stylet by comparing measured porcine ventricular dimensions against simultaneously acquired 2D reference ultrasound images. We successfully performed pilot tests, demonstrating the ability of our ultrasound stylet to yield 1-pass ventricular catheterization in a porcine model.
methods stylet design and construction
The ultrasound stylet has a fish-mouth opening at its distal tip and has dimensions equal to those of existing commercial catheter stylets. This allows its use with existing clinical catheter designs, without adaptation. The ultrasound stylet consists of a 20-cm-long hollow tube of surgical-grade stainless steel with an outer diameter of 1.65 mm, which is interchangeable with standard 18-gauge catheter stylets. The ultrasound-emitting element placed at the distal tip of the tube is secured with conductive epoxy (Ablestik Eccobond 56C, cat #9), with the insulated wires that power the transducer placed within the hollow stylet and connected first to an electrical matching network then to external controlling electronics, described below (Fig. 1) .
The transducer design is constrained in the aperture to a diameter of 1.3 mm and a thickness of 0.2 mm (Fig.  1) . The transducer's piezoelectric element consists of lead magnesium niobate-lead titanate (PMN-PT). The thickness of the element corresponds to the thickness mode resonance at 10 MHz, optimizing the device for sending and receiving 10 MHz ultrasound. A quarter-wave matching layer (measuring 0.048 mm in thickness) of conductive Ablestik epoxy was applied to the front face of the transducer. Electrical connections were made using the same conductive epoxy as the matching layer. The epoxy matching later acted as a ground electrode and also minimized the acoustic impedance difference between the transducer material and the body. This design, and air placed behind the transducer, facilitated maximum transmission of the ultrasound from the transducer to the brain when the stylet tip was placed on or within the brain.
device Properties
We chose 10 MHz for the frequency of the transducer, to optimize penetration depth and directional sensitivity. As the resonant frequency of the piezoelectric element increases, the maximum penetration depth of the ultrasound decreases. Decreasing the resonant frequency increases the beam spread, thus reducing directional sensitivity. At the chosen frequency of 10 MHz, the ultrasound wave is able to penetrate brain at sufficient depth to reach the human ventricles (5 cm), while the beam remains sufficiently narrow to optimize angular sensitivity. Figure 2 is a field simulation of the transducer, demonstrating the effect of variable frequency on the dispersion and penetration depth of the resulting beam. The device operated at a pulse repetition frequency (PRF) of 2.5 kHz with eight 10-MHz cycles per pulse. The device reported only ultrasound backscatter amplitude versus time information, which was subsequently translated to amplitude versus distance information using the speed of sound in brain tissue (1540 m/sec). This nonimaging modality is known as A-mode or A-line ultrasound.
Device output pressure and intensity were measured using a calibrated Onda HNR-1000 needle hydrophone (Onda Corporation) submerged, along with the stylet, in degassed water. A Lecroy Waverunner oscilloscope (model LT322, Teledyne LeCroy) was used to display and record the pressure measured by the needle hydrophone.
During in vivo experiments, our custom electronics provided power to the transducer. In vitro measurements of device output pressure used an Electronics and Innovation amplifier (model A150) controlled by an Agilent Technologies function generator (model 33220A). This allowed characterization of the device output over a larger range of ultrasound parameters than achievable with our custom electronics. Maximum pressure was measured at the spatial ultrasound peak in the far field of the transducer. Spatial peak temporal average (I SPTA ) intensities of no greater than 45 mW/cm 2 were applied during the experiments, with typical I SPTA values near 10 mW/cm 2 . These values fall well below the 94 mW/cm 2 FDA limit of ultrasound for cephalic imaging. 
electronics design
The device we have constructed has 4 major parts: an ultrasound pulser, transmit/receive switch, bandpass filters, and a LeCroy Waverunner LT322 oscilloscope (Fig.  3) . The oscilloscope was used to visualize the signal generated by the device during prototype testing. The Supertex MD ultrasound pulse generator (model 1822DB3) received direct-current voltage from its power supply, creating electrical pulses with a carrier frequency of 10 MHz, PRF of 2.5 kHz, at 8 cycles per pulse, and peak voltage values beyond the 20 V we used in our studies. The MD0100 TX/RX chip (Analog Devices Inc.) allowed emission by the pulser of high voltage to the transducer and collection of low-voltage signals from the transducer. An ADA4817 2nd-order band pass chip with a 3-dB bandwidth was used to reduce excess noise accumulated in the systems electronics, increasing the signal to noise ratio of the device. Throughout this study, only the LeCroy oscilloscope was used to visualize ultrasound backscatter data from the stylet.
in vivo experimental Procedure and device use
All procedures conformed to national guidelines and were approved by the University of Washington's Institutional Animal Care and Use Committee. A porcine model was used for in vivo testing of ventricular catheter insertion. All pigs were farm-type, with an average body weight of 40 kg, approximate body length 4 ft. Animal studies were performed in a large-animal surgical suite. We used a combination of recently killed and living pigs during the experiments. In vivo experiments used isoflurane anesthesia, which was continuously monitored by a certified veterinarian. Pigs from which cadaveric specimens were to be taken were killed immediately prior to our study, after their use for peripheral procedures (e.g., abdominal laparoscopy). The catheterization procedure was the same for both cadaveric and live pigs. A 6 × 6-cm craniotomy was created using a perforator drill and craniotome (Stryker), with the medial extent approximately 3-4 mm from the midline and the posterior edge 10 mm anterior to the bregma. A SonoSite Micromaxx portable ultrasound imaging device (SonoSite Inc.) with a 25-mm, 6-13-MHz, linear array L25e transducer was used to monitor location of the stylet tip within the brain. The dura was coagulated using bipolar electrocautery and subsequently incised. The underlying arachnoid/pia were correspondingly cauterized and perforated using a No. 11 scalpel blade.
Equipment was situated around the subject to enable free movement of the stylet and provide the surgeon an unobstructed view of the oscilloscope display (Fig. 4) . The sonographer was positioned opposite the surgeon and had a view of the SonoSite and oscilloscope displays. The prototype ultrasound-guided catheter stylet was placed on the intact dura over the expected point of entry. The standard ultrasound probe was placed on the surface of the brain in the plane of insertion of the catheter stylet. Ultrasound coupling gel was applied to the area of contact of both devices to minimize noise.
The initial study was designed to assess the ability of the stylet to measure the ventricular depth and width. The stylet was positioned 1.5 cm anterior to the central sulcus The mounted lead PMN-PT transducer is shown with exposed wires prior to making the electrical connections with conductive epoxy. c: The PMN-PT element is shown in a cutaway view to illustrate the design and housing of the transducer.
(determined by SonoSite ultrasound) and 1 cm lateral to midline, and aimed perpendicular to the surface of the brain. When aiming the stylet toward the ventricle, 2 Aline ultrasound peaks were apparent, likely arising from the proximal and distal interfaces between brain and ventricle along the catheter trajectory. As there is little meaningful impedance change within ventricular CSF, the 2 noted peaks were separated by a region of low reflection intensity. Measurements of the depth to the proximal brain-ventricle interface, as well as the ventricular width along the catheter trajectory, were obtained both with the A-line ultrasound device and the SonoSite imaging device.
A second study was designed to test blinded use of the ultrasound stylet. The stylet operator was instructed to use the presence or absence of the 2-peak signal on the oscilloscope to indicate that the catheter was aimed at a ventricular target. The operator was told to initially aim the catheter orthogonal to the brain surface, and to then correct the trajectory to maximize the peak-to-peak separation of the A-line doublet, a characteristic of the trace that was predicted to approximate an angle aimed at the foramen of Monro. Lastly, the subject was informed that as the ventricle was approached, the double-peak feature would shift closer to the graphical origin on the oscilloscope. This set of instructions allowed the user to guide the placement of the stylet tip into the ventricle, without inspection of the 2D ultrasound reference image at any point. Static images were collected from the SonoSite to assess the placement of the tip of the ultrasound stylet at various time points during the procedure.
data analysis
Measurements of ventricular depth and width were obtained from the SonoSite images using ImageJ software (National Institutes of Health). An image scale was set (pixels/mm) using the native scale of raw 2D ultrasound images as a reference. Distance was measured from the stylet tip at the external brain surface to the nearest wall of the ventricle along the entry trajectory. Width was recorded by measuring from the near to far ventricular walls, also along the entry trajectory. Analysis of acoustic wand measurements was performed using ImageJ and involved the determination of temporal distance (in microseconds) from the origin (t = 0) to the first ventricular reflection, as well as the distance between peaks. The approximate speed of sound in brain tissue was used to convert temporal measurements to distance in mm. Distance values in their native state represented the round-trip path traversed by the ultrasound pulse, and were necessarily divided by a factor of 2. Simultaneously acquired SonoSite and prototype measurements of distance and width were compared by linear regression. A paired, 2-tailed t-test was used to analyze data from the 2 measurement techniques.
results measures of ventricular depth and width
Initial testing of our device involved quantification of the ventricular architecture as observed via the prototype ultrasound stylet. Figure 5A shows a representative SonoSite image, with the ventricular appearance in coronal section, along the trajectory of anticipated catheter insertion. The distance measurement from the brain surface to the point of ventricular entry and the ventricular width along the catheter trajectory are also described. Figure 5C provides an example A-line signal trace from the prototype acoustic wand, placed on the brain surface and directed at the perpendicular insertion angle. The ultrasound reflection from the skull base is seen as a large peak at 40 msec (60 mm), which provides a reassuring point of reference regarding the overall calvarial depth. Paired peaks are seen at 19 and 21 msec, corresponding to depths of 28.5 and 31.5 mm, respectively. These peaks arise from reflections at the near and far ventricular interfaces and are displayed in expanded view in Fig. 5D . Figure 6 displays a comparison of ventricular depth, as measured with the acoustic wand and the reference ultrasound system. Data points were obtained from coincidently acquired stylet and SonoSite recordings, incorporating multiple catheter insertion depths and pooled across 3 porcine trials. Linear regression analysis provided an R 2 value of 0.9956 and a slope of 0.98 ± 0.02, indicating that the prototype device provides an accurate distance to the target, regardless of the parenchymal depth at which the measurement was obtained. Paired Student t-test applied to the comparison of stylet and SonoSite measurements yielded p < 0.05, showing that the data collection methods did not significantly differ from one another. The interpeak separation from the linear ultrasound trace was found to accurately predict the ventricular width along the insertion trajectory, as measured by ultrasound imaging (Fig. 7) . A high correlation coefficient (R 2 = 0.9734) and low Student t-test value (p < 0.05) were again observed, with a slope of 1.00 ± 0.06 between experimental probe and SonoSite data. Our results demonstrate that the prototype acoustic wand can both probe the depth to the ventricular target in a dynamic fashion and provide feedback regarding ventricular width as the catheter is inserted.
guidance trials
To further gauge the utility of our experimental device to assist in ventricular catheterization, a series of 12 guidance trials were performed. Of these trials, 3 were performed by a practicing neurosurgeon, 2 by 4th-year neurosurgery residents, and the remainder by research team members with no prior neurosurgery experience. Beyond an understanding of conventional ventricular anatomy, no individual was provided with additional details regarding location and dimensions of the porcine ventricles. The experimental trajectory of the device was chosen based on the angle that produced the greatest peak-to-peak separation of the characteristic ultrasound doublet (corresponding to the long ventricular cross-section when aiming at the foramen of Monro), while maintaining a roughly orthogonal angle to the brain surface. A successful trial was defined as a single pass cannulating the ipsilateral frontal horn of the lateral ventricle without reviewing conventional ultrasound imaging or seeking advice from team members. All 3 trials performed by our practicing neurosurgeon resulted in successful cannulation of the lateral ventricle of interest using only the prototype device for guidance. Six of the 7 trials performed by research team members were successful in accurately placing the catheter on the first attempt. One of the 2 trials performed by a neurosurgery resident was successful, although in the unsuccessful trial, no signal matching the characteristic reflection pattern of the ventricle was located and no insertion was attempted. In total, 10 of the 12 trials performed resulted in accurate placement of the catheter in the lateral ventricle in a single pass.
During guidance trials, we found that directing the stylet laterally away from the ventricle reduced the peak intensity as well as the peak-to-peak separation. As the ventricular edge was approached and subsequently passed, the 2-peak signal disappeared. Intentionally aiming the acoustic wand medially beyond the optimal angle (i.e., the angle at which the ventricular cross-section was greatest) yielded reduced peak-to-peak separation once again. We found that directing the device toward the contralateral ventricle did not yield an additional peak from CSF in the interhemispheric fissure, likely due to the close proximity of the medial porcine hemispheric surfaces. In the human, we would expect the larger interhemispheric separation to generate an additional peak, complicating the ultrasound profile. Despite the lack of a specific indicator for contralateral trajectory, such contralateral placement was avoided using the instructions for catheter placement described above (i.e., maximizing the peak-to-peak separation of the signature doublet). As the distance between the catheter and the ventricular target decreased, the distance between the 2-peak structure and the tip of the stylet reduced, as expected.
discussion clinical application of the device
The primary goal of this study was to provide initial assessment of a novel ultrasound stylet for ventricular catheter placement. A direct comparison of measurements taken with the prototype acoustic wand and the reference ultrasound system indicates that our stylet can successfully characterize the porcine ventricular depth and width in real-time during catheter insertion. Additionally, we have demonstrated that research team members were able to identify a ventricular target and guide the catheter into the ipsilateral ventricle using the prototype device. Based on the small ventricular size and lack of prior knowledge of detailed porcine neuroanatomy for our users, it is highly unlikely that blind catheterization in this setting would have been successful. No participant in our study had practiced catheter insertion or had undergone any instruction on porcine ventricular anatomy prior to participation in the catheterization attempt. Particular to our study, the ventricular cavities tend to be significantly smaller in pigs than in humans; we observed an anterior horn width in pigs of 1-2 mm. The anterior horn width of preterm human neonates has been measured at 0-2.9 mm. 5 Therefore, the porcine model might best represent a "slit ventricle" case in an adult human patient. Our results provide a positive initial trial and highlight the value of further refinement for this system. Future trials would benefit from the simulation of more complex pathology (e.g., midline shift or intraventricular hemorrhage) to test the capacity for our device to reliably guide ventricular access.
The ultrasound-assisted ventricular access stylet that we have described here is intended to improve accuracy of catheter placement. For the application of emergent ventricular drains, time is a critical factor, and we have considered ease-of-setup as a key design constraint in our system. We envision a clinical version of our device as a handheld stylet with accompanying electronics, including small screen, contained in a lightweight assembly located at the proximal end of the catheter. An alternative design would put the electronics and small screen within a cellphone sized device connected via a light-weight cable, placed adjacent to the patient and within the neurosurgeon's field of view. The stylet itself will deploy within a standard ventricular catheter with a slit or fish mouth at its distal end, and would require no additional calibration. The full system (stylet within catheter, accompanying electronics) would be small enough to be housed in a hospital ventricular access cart, and would be ready to use after removal from sterile packaging. The interpretation of a 2-peak ventricular signature on the screen would indicate to the user that the path leads toward a ventricular target. We expect that the setup of this device would add little additional time, beyond pressing an 'on' button. A decrease in the number of incorrect passes may compensate for any potential time loss during setup.
comparison with existing technology and device limitations
Among existing assist devices for ventricular catheter placement, the Ghajar Guide is a portable and inexpensive instrument approximating a perpendicular trajectory from the skull or scalp. Once the tripod is positioned over the site of entry, a central tube guides the catheter orthogonally to the local spherical curvature. In a randomized prospective trial by O'Leary et al., the Ghajar Guide resulted in fewer passes (1.1 vs 1.5), more accurate placement at the level of the foramen of Monro, and fewer catheters crossing midline (4% vs 33%). 28 Limitations of the guide include its inability to compensate for midline shift or abnormal ventricular anatomy, and inherent obstacles to situating the device over the access point. Although the Ghajar Guide is accurate and dependable, 2 separate surveys demonstrate that very few neurological surgeons use this guide routinely. 29, 31 In patients with slit ventricles, the majority of neurosurgeons (51.9%) use upfront image guidance, in part because of the anticipated difficulty. In many situations of challenging catheter placement, frameless stereotactic image-guidance systems are used. An improvement in placement accuracy, resulting in more reliable proximal shunt patency rates, has been demonstrated with image guidance. 11, 15, 19, 45 These systems provide realtime visualization of catheter trajectory, although cumbersome detector components make the use of these systems impractical outside the operating room. Electromagnetic or infrared interference with the detector can occur, complicating the use of such an apparatus. Notably, these technologies synchronize the stylet to a historical static image of the supine patient's brain. Dynamic factors including accumulation of CSF, CSF leak, worsening edema, positional differences, removal of cranial bone, and replacement of cranial bone can substantially alter anatomical location of the ventricular wall and the midline septum. Such changes may unavoidably occur during the time between baseline image acquisition and catheter placement, contributing to an additional degree of variability.
Beyond infrared and inductive-coupled magnetic tracking systems, groups have used fiberoptic endoscope technology and robotic assistance for catheter placement. 22, 24, 33, 40, 41 Thomale et al. have described a fixedframe guidance system comprised of a rigid arc, catheter guide tube, and coordinates calculated with smartphone software analyzing an uploaded DICOM image. 42 To date, ultrasound-image assisted ventricular catheter placement has predominantly occurred in the intraoperative setting. 1, 3, 7, 17, 32, 34, [37] [38] [39] Early placement attempts using ultrasound imaging were limited to transfontanelle techniques or cases requiring removal of cranial bone to accommodate transducer placement over the brain parenchyma. 12, 30, 34, 37 Contemporary high-resolution ultrasound imaging technology has been refined, allowing smaller transducers to fit within the bur hole alongside the cath- eter. 2, 25, 39 Multiple studies confirm that intraoperative ultrasound guidance can reduce the need for revisions in ventriculoperitoneal shunt placement in the acute setting when compared to studies without image guidance (1.8% vs 6.7%). 4, 44, 45 The device presented in this work is a prototype in the first phase of development. We envision the stylet as a fully hand-held system, with elimination of electronic cables making the device a more user-friendly system, facilitating its seamless integration into the common practice of experienced neurosurgeons. The device currently uses only ultrasound backscatter from ventricular boundaries to detect the ventricle. Another technique under consideration for ventricle-edge detection would focus on detection of differences in pulsatile tissue movement between brain parenchyma and ventricular fluid. A combination of multiple modalities may help increase the already considerable ultrasound contrast between brain and ventricle.
conclusions
We have described a novel acoustic ventricular catheter stylet with an on-board ultrasound source, whose narrow, nonimaging beam can detect the boundaries of the lateral ventricle. Analysis of the ultrasound backscatter allowed detection of the depth and width of the lateral ventricles from the distance of a twist-drill access point. With the ventricle in view, 2 high-amplitude reflections corresponding to the near and far walls of the ventricle appear. Advancing the catheter caused the paired reflections to move progressively closer to the zero point of the display, providing a means of gauging distance from ventricular entry.
This device offers an advantage over existing technologies by relying on real-time information derived from current anatomy, rather than utilizing a static picture from a previous time point. The successful function of this stylet represents a significant step in the development of a fully enclosed, miniaturized electronic system for ultrasoundassisted ventriculostomy placement. Precise catheter placement has high development potential with major impact on safe surgical care and cost savings.
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